3 tomato indicates that the initiation of wound signaling is more complex than previously thought and appears to involve multiple peptide signals.
In 1972, a herbivore-induced systemic defense response was first documented biochemically by the demonstration that insects chewing on tomato leaves caused the release of a systemic signal that induced the synthesis of proteinase inhibitors proteins throughout the plants (1) . Proteinase inhibitors are among the front line defenses of plants that can upset protein digestion of herbivores that consume them (2) . These observations led to a search for the "proteinase inhibitor inducing factor' in leaves of tomato plants, resulting in the discovery that an 18 amino acid peptide, called systemin, is a key signal for the systemic activation of defense genes in response to pest attacks (3) .
Tomato systemin is a proline-rich peptide that is derived from the C-terminal region of a 200 amino acid proprotein precursor called prosystemin (4) in response to herbivore attacks or other severe wounding. Expression of the prosystemin gene in its antisense orientation in tomato plants effectively blocks the systemic synthesis of defense genes, demonstrating a key role for the peptide in distal signaling (4) .
Systemin and its precursor have been identified in several Solanaceae species, including black nightshade, potato, and bell pepper from the tribe Solaneae (5).
Tobacco, another member of the Solanaceae family, but from the tribe Nicotianinae, does not express a gene homologous to tomato systemin and does not have a strong leaf-to-leaf systemic signaling system (6) . It does, however, have a strong defense response in leaves that are wounded (7) and a strong leaf to root signaling system (8).
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A search for the localized defense signals in tobacco leaves resulted in the discovery of two 18 amino acid hydroxyproline-rich glycopeptides that are potent inducers of proteinase inhibitors in leaves of tobacco plants (9) . The peptides were recently named Tobacco Hydroxyproline-rich Systemins (TobHypSys I and II) (10) 
Materials and Methods

Alkalinization Assay
Tomato suspension cells were maintained in Murashige and Skoog medium as previously described (10) , but excluding buffer, with the medium adjusted to pH 5.6 with KOH. Cultures were maintained by transferring 3 ml of cells to 45 ml of media every 7 days with shaking at 160 rpm . Tomato cells were used for alkalinization assays 4-7 days after transfer. One hour before assaying for alkalinating activity, 1 mL aliquots of cells were transferred into each well of 24-well cell-culture cluster plates and allowed to equilibrate for 5 min at 160 rpm. Fractions from various separation procedures (1-10 mL) were added to the cells and the increase in pH of the medium was recorded after 20 min. . Purified peptides were assayed by immuno-radial diffusion (12, 13) for their ability to induce proteinase inhibitor II synthesis in excised tomato plants as previously described (3) using rabbit antiserum prepared by injections of pure tomato inhibitor II protein (14) . Solutions of peptides were . The juice was expressed from the leaves using a mortar and pestle and then assayed for proteinase inhibitor II content.
Proteinase Inhibitor Inducing Assay
Polypeptide Isolation
Ten tomato plants (Lycopersicon esculentum var. Castlemart) were grown under greenhouse conditions for approximately eight weeks. Before the onset of fruit, the plants were sprayed with methyl jasmonate as previously described (9) . Fifteen hrs later, the leaves were collected, ground in liquid nitrogen, and stored at - were collected and the alkalinating activity was assayed as described above using 10 mL per fraction. The activity was found in fractions at or near the void, which were by guest on http://www.jbc.org/ Downloaded from pooled and lyophilized. The yield from 3 duplicate runs was about 400 mg dry wt. This preparation was called the 'lyophilized crude extract'. This material was dissolved in 10 mL 0.1% TFA/H 2 O (40 mg/mL) for semi-preparative reversed phase C18-HPLC. After centrifugation and filtration, the components from 10 sequential 40 mg samples were separated on the column ( 218TP510, 5mm, 10 x 250 mm, Vydac, Hesperia, CA ) with a flow rate of 2 mL/min. After 2 min, a gradient was applied from 0-40% acetonitrile/0.1% TFA over 90 min. The absorbance was monitored at 220 nm. Fractions eluting at 1 min intervals were collected and 10 ml aliquots were used with 1 mL of tomato suspension cultured cells to determine the alkalinating activity in each fraction. After further purification, five peaks were identified, and partial amino acid sequence analyses of the individual components were determined. Two peaks corresponded to the systemin sequence (3), while a later eluting, large peak, was the previously identified RALF peptide (15) . This peptide is not involved with defense, but with cell division and elongation. The remaining three peaks were composed of multiple peptide components and were further purified. Fractions 29-33 (peaks 1 and 2 ) and fractions 49-52 (peak 3)
were pooled and lyophilized. The combined yields for peaks 1 and 2, called Fraction I, was 33 mg and the yield for peak 3, called Fraction II was 22 mg. Each fraction was subjected to strong cation exchange chromatography (SCX) on a poly-SULPHOETHYL Aspartamide column (5 mm, 4.6 x 200 mm, The Nest Group, Southborough, MA) equilibrated with 5 mM potassium phosphate, pH 3, in 25% acetonitrile. After dissolving Fraction I in 3 mL buffer and Fraction II in 2 mL buffer, the solutions were analyzed separately by sequentially loading 1 mL samples onto the column (three separations for Fraction I and two for Fraction II). Two min after applying the sample to the column, a by guest on http://www.jbc.org/ Downloaded from 8 90 min gradient was applied to 40% elution buffer, consisting of 5 mM potassium phosphate, 500 mM potassium chloride, pH 3, in 25% acetonitrile. Absorbance was monitored at 220 nm at a flow rate of 1 mL/min and fractions were collected at 1 min intervals. A 2 mL aliquot from each fraction was assayed with the suspension cultured cells. Two peaks of alkalinization activity were identified among the components eluting from the separation profile of Fraction I. An initial peak, called Peak 1, eluted at 56-61 min, and a smaller peak, called Peak 2, eluted at 79-82 min. Fraction II contained one major activity peak that eluted at 59-63 min and was called Peak 3. Fractions from each peak were pooled, lyophilized, and further purified after dissolving each in 1mL column equilibration buffer, 10 mM potassium phosphate, pH 6, and clarifying by centrifugation. The centrifugates were individually applied to a reversed phase C18 HPLC column (218TP54, 5 mm, 4.6 x 250 mm, Vydac) with a flow rate of 1mL/min. After 2 min, a 90 min gradient was applied to 40% elution buffer consisting of 10 mM potassium phosphate, pH 6, in 50% acetonitrile for Peaks 1 and 2, and 60% elution buffer for Peak 3. Absorbance was monitored at 220 nm. Two mL aliquots were used to determine alkalinating activity: Peak 1 eluted at 45-52 min, Peak 2 at 44-47 min, and peak 3 at 46-50 min. These were pooled and lyophilized. Further purification was carried out on the analytical C18 column used above but using TFA/methanol as the elution solvent. The lyophilized peaks were dissolved in 1mL of 0.1%TFA/H 2 O and centrifuged, and the supernatants were loaded onto the column at a flow rate of 1 mL/min. After 2 min, a 90 min gradient was applied from 0 to 40% methanol/0.05% TFA for Peak 1, 0-35% for Peak 2 and from 0 to 70% for Peak 3. One min fractions were collected and the absorbance was monitored at 214 nm. Alkalinating activity was by guest on http://www.jbc.org/ Downloaded from determined with 2 mL. Peak 1 eluted as a doublet at 41-49 min (see Figure 3 , Panels A and B) that were called Peaks 1a and 1b. Peak 2 eluted at 65-68 min and Peak 3 at 56-59 min. Peak 2 was pure as judged by MALDI-MS analysis. Its yield was quantified from its peak area eluting from a narrow bore C18 HPLC column, using known peptide standards. The yield was 190 pmoles.
The early eluting peak of the Peak 1 doublet, Peak 1a, eluted at 42-44 min, while Peak 1b, eluted at 46-48 min. To further purify Peaks 1a and 1b, and Peak 3, the analytical C18 column separation was repeated using the pH 6 buffer system, but with shallower gradients: 0-30% for Peaks 1a and 1b, and 0-40% for Peak 3. Alkalinization activity was assayed using 2 mL from each fraction, which identified Peak 1a in fractions 48-50, and Peak 1b in fractions 52-54. Peak 3 eluted in fractions 64-65. The peaks were pooled and lyophilized. Peaks were further purified and quantified by dissolving in
Peptide Sequence Analyses and Synthesis
Amino-terminal sequencing was performed using Edman chemistry on an Applied Biosystems (Foster City, CA) Procise Model 492 protein sequencer. MALDI spectra were obtained using a PerSeptive Biosystems (Framington, MA) Voyager time of flight mass spectrometer equipped with a nitrogen laser (337nm). a-Cyano-4-hyroxycinnamic acid (Aldrich Chemical, Milwaukee, WI) was used as the matrix.
Carboxypeptidase P was used to confirm the C-terminal -HQ sequence of peak 1, as described (9) . Peptide synthesis was performed using Fmoc chemistry by solid phase techniques with and Applied Biosystems Inc. Model 431 analyzer as previously described (15) Carbohydrate analysis was performed by mild acid hydrolysis and MALDI-MS analysis as previously described (9) .
cDNA Isolation
An EST search of the TIGR Tomato (Lycopersicon esculentum) Gene Index revealed a protein that contained sequences for both Peaks 1 and 3, fused to a sequence of b-tubulin (BG629139). Oligonucleotide primers were designed to amplify the sequence coding for the two peptides by reverse-transcription polymerase chain reaction. This provided a probe to identify the cDNA in a tomato leaf cDNA library.
The GenBank accession number of the TomHypSys precursor cDNA is AY292201.
Northern Blot Analyses
Leaves of treated and control plants (12 days old) were removed and 
Results and Discussion
A crude soluble tomato leaf preparation enriched in small peptides was employed to search for defense signaling peptides in tomato leaves. The search was initiated as a result of the development of a novel, rapid assay that had previously identified two defense-signaling peptides in tobacco leaf extracts (9) . The assay is based on the response of suspension-cultured cells to peptide ligands that interact with receptors leading to the inhibition of a membrane proton ATPase, causing an increase in pH of the culture medium (16) . The assay is called the "medium alkalinization assay", for which only a few mL of fractions eluting from columns are required.
The peptides present in the tomato leaf extracts were separated on a C18-reversed phase HPLC column and assayed for the presence of alkalinating activities in the eluted peaks. Several active peaks were obtained (Figure 1) . Two of the activity peaks contained systemin peptides, identified by their N-terminal sequences (3), and another activity peak was RALF, a 5kD, receptor-mediated peptide that is not involved in plant defense (15) . The three other activity peaks (labeled 1, 2 and 3 in Figure 1) were mixtures of peptides that required further purification. The active components in these peaks were purified with a series of HPLC columns, similar to the protocols utilized for the purification of tomato and tobacco defense peptides (3,9) (see Methods). The amino acid sequence of TomHypSys II was estimated to be 20 amino acids in length by MALDI-MS analysis, but the amino acid analysis by Edman degradation was incomplete and only 15 residues were unambiguously assigned ( Figure 5 ). An internal sequence was present in TomHypSys II that contained four contiguous hydroxyprolines flanked on the N-terminus with a serine residue, and on the C-terminus with a lysine.
TomHypSys III was composed of 15 amino acids having an internal pentapeptide sequence containing three hydroxyprolines, a proline, and a serine, flanked at the Cterminus with a lysine residue. Its molecular weight corresponded with the mass determined by MALDI-MS. Each peptide exhibited at least one positive charged amino acid near their N-and C-termini. TomHypSys II and III exhibit considerable identity among their 13 N-terminal amino acids, indicating that they are a result of gene duplication-elongation events.
Biological activities of chemically synthesized peptides that lack the carbohydrate residues were assayed in the alkalinization assay. The activity of all three peptides was lower than the glycosylated peptides (cf. Figure 3A) , with synthetic TomHypSys I being 1000 times less active than the native peptide (data not shown). Synthetic TomHypSys II and III were nearly inactive. The carbohydrates, therefore, are important components of the biological activity of the peptides. The nature of the pentoses that are attached to the peptides are not known, but recent research concerning the glycosylation of hydroxyproline containing peptides in cell wall hydroxyproline-rich glycoproteins (17) suggests that they may be arabinose residues bonded with hydroxyproline residues.
The molecular masses of the pentoses are consistent with this hypothesis, but the possibility of other carbohydrate residues, such as xylose, are also candidates. The unambiguous identification of the carbohydrate residues will require larger quantities of the pure peptides.
The amino acid sequence of each peptide was used for EST searches of the TIGR tomato data bank that revealed a nucleotide sequence coding for both TomHypSys I and TomHypSys III, but not for TomHypSys II (data not shown). This indicated that both peptides were present in the same precursor protein. The EST sequence was used to design primers to screen a tomato leaf cDNA library, and a full length cDNA was isolated that coded for a polypeptide of 146 amino acids, including the amino acid sequences of all three TomHypSys peptides ( Figure 6 ). The C-terminal sequence of TomHypSys II, which was only partially obtained by amino acid sequence analysis ( Figure 6 ), was deduced to be DEQRQ + (Figure 8 ), which corresponded to the molecular mass found in the MALDI-MS analysis.
A 24 amino acid leader sequence is present in the precursor that has a canonical splice site ( Figure 6 ). The processing sites that release the active peptides from the precursor are not known, but it is clear, that kexin-like proteinases with specificities for dibasic amino acids are not involved in processing the TomHypSys precursor.
A comparison of the amino acid sequences of the tomato HypSys precursor with that of the previously characterized tobacco HypSys peptide precursor (9) The pre-proTomHypSys cDNA was employed as a probe in gel blots to determine if the precursor mRNA is wound-inducible in tomato leaves, as is the tomato systemin precursor (4). Young tomato plants were wounded and total RNA was extracted from both wounded leaves and unwounded, upper leaves for RNA blot analysis using both the TomHypSys precursor and prosystemin as probes ( Figure 8A ).
The HypSys precursor mRNA maximized at 4 hr in the upper, unwounded leaves in response to wounding a lower leaf and then declined by 8 hr, while it maximized at 8 hr in the wounded leaves. The pattern was similar to that of tomato prosystemin ( Figure 8A ). Exposing the plants to methyl jasmonate vapors in a closed container caused a rapid increase in both pre-proHypSys and prosystemin that persisted for at least 12 hr ( Figure 8B ). Methyl jasmonate is a powerful inducer of defense genes in plants that is a product of the octadecanoid pathway that mediates systemin signaling in tomato plants.
These results indicated that a systemic wound signal induced the synthesis of mRNA coding for pre-proTomHypSys, and that the precursor protein is processed to produce 
